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We consider a distribution obtained by combining two well-known mechanisms for generating skewed
distributions. In this manner we arrive at a flexible model which subsumes and extends several skew
distributions which have been discussed in the literature. One approach to the problem of generating
skewed distributions was first popularized by Azzalini [A class of distributions which includes the normal
ones. Scand J Stat. 1985;12:171-178]. The single constraint skew normal distribution that was studied by
Azzalini is of the form

Jsn(x) = 26 () P (ax),

where ¢ and ¢ denote, respectively, the standard normal density and distribution function and « € R is
a skewing parameter. Multiple constraint variations of this distribution have also been considered. The
second skewing approach that we will consider was proposed by Mudholkar and Hutson [The epsilon-
skew-normal distribution for analyzing near-normal data. J Statist Plann Inference. 2000;83:291-309]
and called an epsilon-skew-normal distribution. The combination of an Azzalini mechanism with that of
Mudholkar and Hutson is investigated in this paper with special focus on the distributions obtained using
the standard normal as the base distribution. The resulting flexible model includes both unimodal and
bimodal cases and can be expected to fit a wider variety of data configurations than either of the models
involving a single skewing mechanism. Distributional and inferential properties of the doubly skewed
model are discussed and the model is used to obtain improved fits to two well-known data sets.

Keywords: epsilon-skew-normal; two-piece skew-normal; skew-normal distribution; doubly skewed

1. Introduction

Beginning with a base density f(x) and a given distribution function G(x), a skewed version of
the density f of the Azzalini type [1] will be of the form

Ja(x) o f ()G (eex). (D

Multiple constraint versions of this construction will involve k skewing distribution functions
instead of just one and will be of the form

k
Sun () o< f ) [T 6w 0). )

j=1

in which the G;’s are distribution functions and the ;s are usually simple functions, often linear.
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Examples of this genre which have appeared in the literature include:

(1) The multiple linear constraint normal model [2]:

k
FG) o p) [T @y + 1) 3)

J=1

in which and throughout the rest of this paper ¢ and ® denote, respectively, the standard
normal density and distribution function.
(i1) The two piece normal (TN) distribution [3]:

JIN(X) = cap (X) P (| x]). “)

(iii) The extended two piece normal (ETN) distribution [4]:

Jern(x) = 2¢4¢ () P (a|x]) P (Bx). (&)

In (i1) and (iii), the normalizing constant (to guarantee the density integrates to 1) is explicitly
available. Specifically
2

I 2 arctan(or)

(6)

Ca

This is unusual. More typically, in multiple constraint models, the normalizing constant must be
evaluated by numerical integration for any specific set of parameter values.

An alternative skewing mechanism was proposed by Mudholkar and Hutson.[5] Using their
approach, the epsilon skewed version of a base density f (x) is of the form:

JO/A 4+ eNIx < 0) +f /(0 —e))l(x = 0)

fe® = 1 —e(1 —2F(0))

(7

where —1 < ¢ < 1 is the skewing parameter, /(B) is the indicator function of the set B, and F
is the distribution function corresponding to the density f. If, as in the normal case studied by
Mudholkar and Hutson, the base density is symmetric, or less stringently if 7' (0) = 1/2, then the
denominator in Equation (7) reduces to 1 and can be eliminated. In particular, if f = ¢ we have
the epsilon-skew normal (ESN) density

fosn(rie) = (%) I(x < 0)+¢ (i) (x> 0). 8)
+e& 1—¢

This is the specific model introduced by Mudholkar and Hutson. Subsequently Arellano-Valle
etal. [6] discuss the more general case in which the base density is an arbitrary symmetric density.
In particular, they focused on the case in which the base density was a symmetric exponential
power density (i.e. f (x) o< exp(|x]V).

To indicate that a random variable X has density fgsn we will write X ~ ESN(¢). Likewise,
if we write X ~ A(x) we mean that X has f; (defined in Equation (1)) as its density. The same
convention is used for other subscripted densities introduced in the paper. To indicate that a base
density f is symmetric about 0, we will append a subscript 0, thus f; will denote a generic density
that is symmetric about 0. Likewise, to indicate that a distribution function G is symmetric (i.e.
that G(x) + G(—x) = 1), we append a subscript 0, thus Gj.

The focus of the present paper is the study of the distribution obtained by applying both kinds
of skewing mechanisms (the multiple constraint mechanism and the epsilon skewing mecha-
nism) to the same base density. In particular we study the epsilon skewed version of the ETN
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density. Thus our base density is standard normal. The use of alternative base densities can be
envisioned, but there are computational advantages associated with the normal density leading to
more attractive expressions; for example the normalizing constant for the doubly skewed normal
density is available in explicit form. Discussion of models obtained by applying more than one
skewing mechanism to a non-normal base density will be deferred to a separate report.

The resulting distribution can be viewed as an extension of the epsilon skew normal model.
In an earlier report Arellano-Valle et al. [7] discussed a different extension of the epsilon skew
normal model. To avoid the possible confusion associated with two distinct extended epsilon
skew normal models, and to emphasize the fact that the present models involve two skewing
mechanisms, we will speak of them as being doubly skewed normal models (rather than extended
epsilon skew normal models). As will be seen, the doubly skewed models add considerable
flexibility since they include bimodal as well as unimodal cases.

The paper is organized as follows. Section 2 includes general discussion of double skewing.
In Section 3, we develop the doubly skewed normal model and provide graphs of representative
densities together with discussion of basic properties and the relationship of the doubly skewed
normal model to other skew normal models which it includes and extends. In Section 4, distri-
butional properties of a restricted but still flexible sub-model are investigated in detail. For this
sub-model maximum likelihood estimation (MLE) is discussed and the corresponding Fisher
information matrix is derived in Section 5. Application of the sub-model to two particular data
sets is the subject of Section 6. Some details have been deferred to the appendix.

2. Doubly skewed models

Begin with a base density function f. The corresponding multiple constraint Azzalini-type
skewed density is of the form:

k
fua(:0) = COF @) [ [ Gi(w;(0):6). €))

J=1

where

0o k
co ' = [ s ]]G w0
oo i
Typically the normalizing constant C(6) will need to be evaluated by numerical integration,
although in some special cases it can be evaluated analytically. The corresponding distribution
function will be denoted by Fya (x; 6).

The corresponding doubly skewed model, obtained by applying e-skewing to the skewed
model (9) is then of the form

fos(rie,0) = C(O) |:fMA(x/(1 + 8);Q1)1(x <0 +fMA(x./(1 —£):DIx=0)
—e(1 —=2Fua(0;0))

Considerable simplification of this expression is possible in the single constraint case when
Y¥1(x) = x and both f and G are symmetric. Thus, using « as the Azzalini skewing parameter,
the doubly skewed model is given by

Jolx/(1 + €))Gola(x/(1 +€))) I(x < 0)

, _ Hfolx/(1 —€)Golalx/(1 —))I(x > 0)
Jos( ) =2 1 —e(1 — 2F,(0; ) ' (h

]. (10)

where Fo(0;) =2 [°__ fo(x0)Go(x) dx.



Downloaded by [Y ork University Libraries] at 17:16 12 August 2014

4 B.C. Arnold et al.

As will be described in the next section, if f = ¢ and G = & it is sometimes possible to
identify precisely the form of the normalizing constant.

3. The doubly skewed normal distribution

The purpose of the present section is to introduce what we call the doubly skewed normal density
which can be viewed as a uni/bimodal extension of the epsilon-skew-normal density obtained
by replacing the density to be epsilon-skewed by an already skewed density. Such an extension is
potentially relevant for practical applications, because there are far fewer distributions available
for dealing with bimodal data than in the unimodal case.

3.1. The family of doubly skewed normal densities

The base density will be standard normal. After applying a particular two constraint Azzalini-
type skewing mechanism, we arrive at the extended two piece normal distribution introduced by
Arnold et al.[4]

Jern (%) = 2¢a¢ (X) P (e |x]) P (Bx).

In this case the normalizing constant, ¢, is explicitly available in the form

2

“@=7 + 2arctan(«)

Upon applying the e-skewing mechanism, the following density, called the doubly skewed
normal (DSN) density, is obtained.

Sfosn(x; &, a, B)

P (x/(1 4+ e)P(alx/(1+ )P (Bx/(1 4+ ) (x <0)
+o(x/(1 —e)P(alx/(1 —e))P(Bx/(1 —&))l(x > 0)
=2¢, ) (12)
1 —e(l —2dyp)

where
0

dopg =F(O;a,B) = / 2¢4¢ (x) P (a|x]) P (Bx) dx.
—00

There is not an available analytic expression for the quantity d, g and it will be necessary

to evaluate it numerically for given values of @ and B. This will create some inconvenience

when, for example, maximum likelihood estimates are to be computed; but not insurmountable

inconveniences. The shapes of the density (12) for different parameter values are displayed in

Figure 1.

There exists a possibility of singularity of the Fisher information matrix with the DSN model.
Such is the case for certain well-known submodels, such as the Azzalini skew-normal model.
One possible approach to avoid singularity is to consider power-models as in [8]. The possibility
exists of extending the results to more robust models (see, for example, Gémez et al. [9]). This
will be the subject of a separate report.

In the special case in which o = 0, in which case we are dealing with an e-skewed version
of the basic Azzalini skew normal density, it is possible to evaluate the required normalizing
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(a) (b)
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Figure 1. Examples of the DSN density for: (a) (¢,«) = (—0.5, 1) (black line), (&,) = (—0.6,2) (dashed line) and
(e,a) = (—0.2,3) (grey line); (b) (e, ) = (—0.2,3) (black line), (¢, @) = (—0.5,4) (dashed line) and (¢, ) = (—0.8,5)
(grey line); (c) B = 2 (black line), B = 3 (dashed line) and B = 4 (grey line); (d) = —2 (black line), B = —3 (dashed
line) and B = —4 (grey line).

constant. We have

dog = F(0;0,B) =

arctan 3. (13)

N —
SR

Thus the density will be

PO/ +)P(Bx/( +e)lx < 0) + ¢G/ — £))P(Bx/( — e)Ix = 0)

Sfosn(x; 6,0, 8) = 1/2 — (¢/m) arctan B

(14)
This model is similar to, though not the same as, the model introduced by Gémez et al.[10]
Figure 2 shows the shapes of the density (14) for different parameter values.

3.2. Distributional properties of the doubly skewed model

It is clear that the doubly skewed density (12) is continuous at O for every «, § and €. However,
it is not differentiable at O unless both « and § are equal to 0. The density can be unimodal or
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Figure 2. Examples of the DSN(e, 0,2) density for: (a) & = —0.3 (black line), ¢ = —0.5 (dashed line) and ¢ = —0.7
(grey line) and (b) ¢ = 0.3 (black line), ¢ = 0.5 (dashed line) and ¢ = 0.7 (grey line).

bimodal. It includes several previously studied models as special cases, as noted in the list of
properties below.

PrROPERTY 3.1 The DSN(O0, 0, 0) density is the N(0, 1) density.
PrOPERTY 3.2 The DSN(e, 0,0) density is the ESN(e) density.
PrOPERTY 3.3 The DSN(0, 0, B) density is the SN(B) density.
PrROPERTY 3.4 The DSN(0, o, 0) density is the TN(«) density.
PROPERTY 3.5 The DSN(0, o, B) density is the ETN(«, B) density.

PROPERTY 3.6 IfZ ~ DSN(e, a, B) then —Z ~ DSN(—¢,a, — ).

3.3. Tractable sub-models

The full doubly skewed normal model (12) provides a flexible family of densities for fitting
univariate data sets. It, however, involves three shape parameters and a potentially troublesome
normalizing constant. In practice it will typically be appropriate to introduce, in addition, location
and scale parameters. The resulting five parameter family of densities will be of the form:

fDSN(X; é’ w, &, 0, ,3)

¢(z/(1 + &) P(alz/(1 + &) (Bz/(1 + &) (z < 0)
_ G +¢(z/(1 — )P (alz/(1 — &) NP (Bz/(1 — €))I(z > 0) (15)
T Tw 1 —e(1 — 2dyp) ’

where z = 0~ (x — &) and we write X ~ DSN(#) or X ~ DSN(¢,, &, a, B). The complexity
of this model motivates consideration of sub-models in which one of the three parameters is set
equal to zero. In some cases the full model (15) will need to be used, but it is to be hoped that
frequently one of the three simpler sub-models will suffice.
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The three sub-models are

(1) fosn(x; &, w,0,a, B). This is the extended two-piece skew normal density. This model is
discussed in some detail in [4].
(i) fpsn(x; &, w,¢€,0, B). This is the e-skewed version of the Azzalini model.
(ii1) fpsn(x; &, w, e, ,0). This is the e-skewed version of the two-piece skew normal model of
Kim.

In subsequent sections, a careful analysis of sub-model (iii) will be presented. A parallel
treatment of sub-model (ii) is of course possible. Sub-model (iii) is selected because it exhibits
considerable flexibility and possible bi-modality (a property not shared by sub-model (ii)).

Remark 1 A natural competitor for modelling possibly bimodal data is a simple normal mixture
model of the form

P, (x— l—p (x—12
F5p, 1, 2, 01, 03) = aqﬁ( )+ ¢< )

o1 02 02

Such a five parameter model might be considered as an alternative in situations in which the five
parameter (three shape parameters plus location and scale parameters) doubly skewed model
might be applied. Typically either an E-M algorithm or a vague prior Bayesian approach using
a Gibbs sampler would be used to select appropriate parameter values for fitting this model to
a given data set. Both the doubly skewed model and the mixture model will require similar
amounts of computational effort. Both involve five parameters. However, as can be seen from a
perusal of Figure 1, the doubly skewed densities do not appear to be of the form to be expected
from mixtures of normal densities. As a consequence the two models are best viewed as comple-
mentary rather than competing models. Some data sets will be better fitted by a doubly skewed
model, while for other data sets a mixture model will be more appropriate.

Remark 2 [(concomitant variables)] In many applications, we will have, for each observa-
tion Y;, a corresponding measurement x; of some concomitant variable which is expected to
have some influence on the variable Y;. A regression-type model of the form ¥; = o + Bx; + &;
might be considered in such a setting. Rather than assume that the ‘error’ variables, the &;’s,
are normally distributed, some authors have considered them to have a common skew normal
distribution. Of course, a doubly skewed normal distribution for the ¢;’s could also be consid-
ered. Such a model will have the Y;’s having a doubly skewed normal distribution with only
the location parameter being affected by the concomitant variables, the x;’s. More interest-
ing cases will arise when one allows any or all of the five parameters in the doubly skewed
model to be functions of the concomitant variable, and not necessarily with a linear link
function.

4. Doubly skewed model for § = 0

The purpose of the present section is to investigate the uni/bimodal version of the doubly skewed
normal density corresponding to the case in which g = 0.

In the particular case of Equation (12) in which g = 0, then the model reduces to become an
e-skewed version of the two piece normal distribution. In this case it is also possible to give
an explicit expression for the normalizing constant, d, o = F(0, o, 0) = 1/2. The corresponding
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Figure 3. Examples of the DSNj density: (a) @ = 0 (black line), « = 0.5 (dashed line) and o = 0.9 (grey line); (b)
a = —0.2 (black line), « = —0.5 (dashed line) and @ = —0.9 (grey liner); (c) ¢ = —0.3 (black line), ¢ = 0 (dashed line)
and ¢ = 0.3 (grey line); (d) e = —0.5 (black line), & = 0 (dashed line) and ¢ = 0.5 (grey line).

density is given by

o(i5) (o). <o
1+e¢ 1+e¢ (16)

Sosn(z;€,0,0) = ( z > ( oz )
Ca® o} s z>0.
1—¢ 1—¢

Figure 3 shows the shapes of the density (16) for different parameter values. In the remainder of
this paper we will refer to the DSN(e, «r, 0) distribution as the DSNy (¢, o) distribution, or more
briefly as the DSNj distribution.

4.1. Distributional properties of the DSNy model

Clearly the density (16) is continuous at z = 0 for every « and €, however it is not differentiable
at z = 0 when o # 0. Below we list some properties of the DSNy model. Note that this model
contains the normal, epsilon-skew-normal and two-piece skew-normal densities as special cases.
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PrROPERTY 4.1 As ¢ — —1, the DSN, distribution tends to the c,¢(z/2)P(az/2)I(z > 0)
density. In contrast, as ¢ — 1, DSNy tends to the c,¢(z7/2)® (—az/2)I(z < 0) density.

PrROPERTY 4.2  For o > 0, the density (16) is bimodal, i.e. in each region of z € (—o0,0] and
z € [0,00), logf(z;¢€,a,0) is a concave function of z.

PrOPERTY 4.3 For a > 0, two modes of Equation (16) are located at z = 71 and z = 7o where

- 0e/(1 +6) b/ —e)
B ey ey M BT T s @n ey

Here,z1 < 0and zp > 0.

PrOPERTY 4.4  For o <0, the single mode of Equation (16) is located at 7 =0, because
f'(z6,2,0) <0 forz>0andf'(z;e,2,0) > 0 forz <O.

4.2. Distribution function

Denote by Fpsn, (z; €, @) the distribution function of Equation (16), i.e.

(1—|—8)|: ( z ) < z )]
Co 29 - N 5 Z<O7
2 1+¢ 1+¢ (17)

Fosn, (z; 6, 0) = (1 —¢) [arctan(er) 1 Lo z N l+¢ 0
2 - 2 TSN\ 2 =
where ®gy is cdf of the SN(w) distribution.
PROPERTY 4.5
2(1 +€) |: < )]
3 1+
FDSNO(Z &, 1)— (1—8) z N
(e e

4.3. Stochastic representation

First we present two results which will be used later.

ProposiTiON 4.1  If X ~ ETN(«, B) then the random variable Y = |X| has a density of the
form:

fr(yia) =2¢c,¢ () P(ay), y=0, (18)

If Y thas the density given in Equation (18) we say that it is a truncated skew-normal variable
and write Y ~ TSN(«).

COROLLARY | IfX ~ ETN(, B) and Y ~ TN(a), then |X| 2 |Y| ~ TSN().

A random variable Z with density function (16) can be represented as a product of two inde-
pendent random variables. This result may be proved in a manner analogous to that provided
by Arellano-Valle et al. [6] in a related context. For simulation purposes, such a stochastic
representation of an DSNy (¢, o) random variable will clearly be useful.
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PropPOSITION 4.2 For any o € R and |e| < 1, it follows that Z ~ DSNy(¢e, ) if and only if
there are two independent random variables Y and S with Y ~ TSN(«) and P(S=1—¢) =

1 —P(S = —(1+¢)) = (1 — &)/2, such that Z < SY.

For applications it will be convenient to add location and scale parameters to our DSNj
distribution. If Z ~ DSNy(e,«) and if X =& + wZ, where £ € R and w > 0, then we will
write X ~ DSNy (&, w, &, ) or at times X ~ DSN(#) where 6 denotes the vector of parameters
(§,w, e,a). This leads to the following definition.

DEFINITION 4.1 A random variable X has a distribution in the DSNy location and scale family
if the density is given by

() (o). oo
fosn, (0 =1 @ 31T AN (19)
—“¢( )@( ) x=&.

1—¢ 1—¢

where z = w™ ' (x — &) and we write X ~ DSNy(0) or X ~ DSNy(&, w, &, ).

4.4. Moments

The following result provides a recursive formula for the moments of a random variable with
density (18) which will be useful for calculating the moments of a DSN, random variable.

PropoOSITION 4.3  Let Y ~ TSN(«), then

1, r=20,
Ca 1
d.(a) = E(Y") = \/T—n Sra? =5 (20)
2r/2 1 ;
(= Do)+ T (5) =2

Proof The result is achieved by integrating the expression

(%{Zt”lqb(t)@(m)} =2(r— DI 2p ()P (at) — 20 PP (at) + /2 /mal " p (11 + a?)

between 0 and oo. ]

PROPOSITION 4.4 Let Z ~ DSNy(e,) and X = & + wZ ~ DSNy(8), then, forr = 1,2,...,we
have

r

_ o\l 1\ r+1
N (L G D L D L IR E(Xr)zz(DEr—WE(Zj), @1

2 par

where d, (o) is given in Equation (20).

Proof The result is readily verified using the stochastic representation given in Proposition 4.2.
|
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For reference we list the first four moments of the standard DSN, distribution. If Z ~
DSNy (e, @) then

E(Z) = —\/gsca (1 i ﬁ) , (22)
E@2) = (1+36) (1 + ﬁ) : (23)
E(Z%) = —2@8(1 + &%)cq <2 + ?1(3:—05;2/3) : (24)
E(Z* = (1 + 10e* + 5¢%) <3 + 0‘7(15(11—3(:2?') (25)

Standard expressions for kurtosis and skewness can then be obtained using Equations (22)—(25).

5. Maximum likelihood estimation

5.1. Likelihood score functions

Let Xi,...,X, be a random sample drawn from the DSNy (&, w, ¢, ) distribution. The log-
likelihood function for @ is Y ', 1(8,X;), where [(#,X) is the log-likelihood for # based on a
single observation X, that is,

Cy 1 Z \° aZ
10; X)) o log (;) -3 (m) IX < &) +log @ (—m> IX < &)
(%) (%)
Y ik = 410z () 1x = ).
2\1—¢ —¢

where Z = o~ (X — £). The score function is >, Se(0,X;), where Sy(0,X) = 31(0,X)/30 is
the vector (Sg, Sy, Sq, S¢) with elements

z o .
o [a)(l o T ea +5)R(Z)} X <&+ [w(l 7 " aa - 8)5(2)} 10X = &),
P [ z «ZR(Z) ]I(X o+ [ 2 azs@) }I(X 6
*T o Lo+ Tl +e) o(—e7 wi-g) &=
Sa =~ — z ROIX <§)+ LS(Z)I(X > £),
r(l+a?) 1+e l1—¢ =
> :[ Z e R(Z)} IX <)+ [— Z S(Z)] IX > &)
‘ 1+ 5)3 (1+ 8)2 (1— 8)3 - 8)2 =5),

where R(Z) = ¢ (@Z/(1 + €))/®(—aZ/(1 + ¢)) and S(Z) = ¢p(@Z/(1 — £))/ D (@Z/(1 — &)).
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5.2. The information matrix
For one observation X ~ DSN (@), the i, jth element of the information matrix / is given by

821(0;X)i|

Loy = E| —
% [ 96,00,

The corresponding second partial derivatives of the log-likelihood are listed in the appendix.
Eventually, one obtains the following expressions for the elements of the information matrix:

! 1 N a3y n 20%¢, @)
= o y
T 20— (- +ad) 02—
«/Zco, «/Eoz(l +2a%)¢, 20%¢c,

= o 0 T 2gmaE@ DU ta? Lo - 0"

I 2 n a(l + 3a?)c, n 20%¢, @)
ww = ),
?  mw?(l + a?)? o 7

(1 —2a®)cy 20cy

Iwa = - s
rw(l + a?)? 1) p2(@)

2

c
Iota =2 o - —a’
cop2(a) 20+ a2
I 3 a(l +3a?)c, 20%¢c, @)
= [0 N
T l—e2 a(l—-e)(1+a®? 11— 2P
IEw = [Ea = ]ws = ]as = 09
where
00 2
¢~ (at)
(o) = t 1) dt, =0,1,2. 26
pr(et) A e - (26)

which have to be evaluated numerically.

5.2.1. Special cases

The important point is that there is sufficient regularity for the asymptotic normality of the MLEs
to hold when 7 is non-singular, and in this case, they have covariance matrix / —!. Here, I is non-
singular and the parameters w and « are orthogonal to & and to €. The elements of the two-piece
skew-normal case are obtained by replacing ¢ = 0. In the epsilon-skew-normal case for which
o = 0, the non-zero elements of the information matrix are

22 2 2

IE = = 5 Iwaz_,

I — T ’ Ia)a) ’
5 w?(1 — &2) Jrw(E? —1) w? Tw

27 —4 3
= s 188:1_82'

Iowt -
2

In the normal case for which (g, «) = (0, 0), the non-zero elements of the information matrix are

22 2 2 2 — 4
ISS = _%, ww = Ea Iu)a = E, aa = 72 5 ge — 3.

L = —,
=
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Remark 3 Gomez et al. [11] introduced an alternative possibly bimodal extension of the skew-
normal distribution, which they called a skew-flexible-normal distribution. The corresponding
density is of the form

ontandy = PO o
where o, § € (—00, 00). This density is bimodal if § < 0.

Although both models (19) and (27) yield possibly bimodal extensions of the skew-normal
distribution, their genesis is different and they differ considerably in their properties. One major
difference between the two models is that, although both include the classical normal distribution
as a special case, the Fisher information matrix for Equation (27) is not always non-singular as
contrasted with the situation for the model (19), for which the Fisher information matrix is always
non-singular.

6. Two illustrative data sets

To illustrate the estimation procedure discussed in the previous section we will use two data sets.
We consider the variables N-Cream (first example) and E-Shiny (second example) available in the
database creaminess of cream cheese which can be found at http://www.models.kvl.dk/Cream.
Table 1 shows summary statistics for these two examples.

In Tables 2 and 3, three models are fitted to the data in the first and second example, respec-
tively. They are ESN(¢) = DSNy(0, ¢), TN(«) = DSNy(«r, 0) and DSNy(¢, ). In all cases, the
models are augmented by the inclusion of location (§) and scale (w) parameters.

In all cases, the parameters are estimated by maximum likelihood using the bbmle package
for R.[12] The standard errors of the maximum likelihood estimates are calculated using the
information matrix corresponding to each model.

To compare the DSNy model with the ESN and TN models for the first data set,
consider testing the null hypothesis of an ESN or a TN distribution against a DSNjy
distribution using the likelihood ratio statistics based on the ratios A = Lgsn([,5,8)/

Table 1. Descriptive statistics for the first and second

examples.

Example n X s Y1 2

1 240 7.578 1.716 —0.551 0.173
2 240 8.109 2434 —-0.209 —0.466

Note: Here, y; and y, denote the sample skewness and kurtosis
coefficients, respectively.

Table 2. Estimated parameters and log-likelihood for the models ESN, TN and DSN,
for the first example.

MLEs ESN N DSNj
£ 8.348(0.263) 7.650(0.812) 8.400(0.191)
w 1.664(0.216) 2.010(0.212) 6.084(0.345)
a —0.378(0.202) —2.846(0.178)
e 0.302(0.091) 0.320(0.052)
Log-likelihood  —462.696 —469.419 —459.956

Note: The respective standard errors are in parentheses.
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Table 3. Estimated parameters and log-likelihood for the models Normal,
ESN, TN and DSN for the second example.

MLEs N ESN N DSNj
£ 8.109(0.403) 9.048(0.390)  8.148(0.143)  8.907(0.165)
o 2.429(0.315)  2.413(0.313)  2.265(0.087)  2.210(0.077)
o 1.986(1.121)  1.322(0.802)
e 0.234(0.093) 0.202(0.050)
Log-likelihood ~ —553.505 552000  —549.393 —548.533

Note: The respective standard errors are in parentheses.

0.25 0.30
| |

0.20
|

0.10
|

0.05
|

0.00
L

[ I I I I 1
2 4 6 8 10 12

Figure 4. Histogram for the N-Cream variable. The curves represent densities fitted by maximum likelihood:
DSNy (&, @, &, @) (black line), ESN(§, @, &) (grey line) and TN (&, @, &) (dashed line).

Lpsn, (1,6, 8,&) and Ap = Lin(ft, 6,&)/Lpsn, (L, 6, €, &). Substituting the estimated values,
we  obtain  —2logL(A)) = —2(—462.696 4+ 459.956) =548 and —2logL(A;) =
—2(—469.419 + 459.956) = 18.93 which, when compared with the 95% critical value of the
xlz = 3.84, indicate that the null hypotheses are clearly rejected and there is a strong indication
that the DSNj distribution presents a much better fit than either the ESN or the TN distribution
to the data set under consideration.

The summaries provided by Table 1 serve to illustrate a key feature of the DSNy model; its
flexibility and ability to adapt to a wide range of coefficients of skewness and kurtosis, in contrast
to many other models.

For the second example, we illustrate the fit of the DSN model to a set of data that is more or
less symmetric to see whether the parameter ¢ is significantly different from 0. We use data on the
variable E-Shiny, Example 2, and fit four competing models: normal, epsilon-skew-normal, two-
piece skew-normal and DSN, (Figure 5). However a 95% confidence interval for ¢ is given by
(0.103,0.301) which does not include 0 and which indicates that, for this data set, ¢ is significantly
different from 0. Consequently, for this data set, as for the first data set, the DSN, model appears
to be a good choice to fit the data.
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Figure 5. Histogram for the E-Shiny variable. The curves represent densities fitted by maximum likelihood:
DSNy(&, @, &, @)(black line), ESN(§, @, ) (grey line), TN(§, @, &) (dashed line) and N (§, @) (dotted line).

The conclusion that the DSNy model appears to be more appropriate for both of the data sets
analysed here is supported by inspection of Figures 4 and 5 where the histograms and the fitted
curves for the data sets are displayed.
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Appendix

(a) The second-order derivatives of [(f; X) are

0:x) 1] 1 o’z )
€2 2 (46?2 (+4e)? (Z)+(1+ )ZR(Z)][(X<$)
L PR AP SZ(Z)]I(X>€)
2| 1—e2 " (1-e)3 (1—e)? -
10:X) [ 2z L o372 Rz A 21
it~ @ 0r0r T are O T Urer DY Urer ()] =9
1 [ 2z ® gz a37? <z o’z 2@ |ix >
~Zlice e )+(1_5)3 ()+(1_8)2 )] X >8),
Suesx) 1 1 o’Z? oZ T
dadE __w[ 1+e (1+e)3 k= (1+¢)? ()]( =9
171 a?z? aZ .,
—itsa- s - s e,
2U0:X)  1[ 2z @2 2% _polix
9edE a)[(1+£)3 (1+e)2 Rk = (1 +e)* ()+<1+ &) ()] =%
1 2Z a o372 o’z ,
- [_(1 St gD D S <z>] X = ¢),
60:X) 1 1 [ 37 2z g a’73 - 2 2|1 <6
00?2 [(1+s)2 ) 1+ )3( (14¢)? ( ] ¢
1 372 207 ¢, o373 5@ o272 szz I~
—ﬁ[(l_?z‘fa(”u @+ = ()]( > ),

9%1(0:X) 1 z A
-— R(Z
dadw ®

aZr
1+¢ a +s)3R(Z) e +s)2R (Z)] X <8

l Z Sz A Sz aZ? Lol >
_w[lfe()_(lfeﬁ()_(l,s)z ()j|( > §),
PO _ 1[ 29 gy 97 pgys O7 g Z)]IX
tei0 ~ wl0rer Tt O T reor Ot ay et @I <D
- L _sp- 27 sa- L ea|ixs
_w[_(lfeﬁ Y s - s - <)]( > 6,
azl(O;X) _ C‘a(cu+27'[0() aZ3 Zz )
907~ w2+ _[_<1+a)3R(Z)+<1+8)zR <Z>]1<X<€)
oz Sz i S2@2) | 1X =
_[(1_3)3()+(1—8)2 ()j|( > §),
0’18:X) _ z 223 o2
deda _|:_ (1+8)2R(Z)+ a +8)4R(Z)_ mR (Z):| I(X <§&)
,[7 Z gy @7 sz>+a722522)]”‘>
A Ot gt @+ oy @I =8
and
910:X) 372 207 o373 27
g2 __|:(]+g)4 + (1+£)3R(Z)— (1+£)5R(Z)+ (1+£)4R (Z):|I(X < &)
3z 2z g “Z s+ 2L e
_|:(1—€)4_( —¢)3 @+ (1—¢)5 ( +(1_8)4 ():| X = ).

The following proposition gives the truncated moments that are needed to calculate the information matrix of the DSNy
model.
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PrROPOSITION .1 For integer r > 0 and Z ~ DSNy (¢, ),
@) Ez<0(Z") = (=1)'(1 + &) dp(@)/2 and Ez=0(Z") = (1 — &) d, () /2,
(b)

2021 eyt (4]
E;0Z'RZ) = (~1Y d r( >

(1 +a2)(r+l)/2 2

(©

r — I —_—
Ero@'S@) =~ s T (5

20921 — ) Hle, (r +1 >
(d) Ez<0(Z'R*(Z)) = (=)' (1 + &) M ey p(@) and Ez=0(Z'S*(2)) = (1 — &) capy(@),
where d,(«) and p,(«) are given in Equations (20) and (26), respectively.

Proof Applying the definition of mathematical expectation and making changes of variables, t = —z/(1 +¢) and u =
z/(1 — ¢), respectively, the results follow. | |

(b) Proof of Proposition 4.1.

Proof LetX ~ ETN(w, f) then the density function of ¥ = |X]| is given by

o) =fxie,B)+fx(=y;a, B)
=2¢op (NP (NP (BY) + 2cad ()P (| — Y P (—By)
=2cep (NP (@) [P(BY) + P(=BY)]
=2cap (MNP (@NI(y = 0).
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